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Abstract
Recent synthetic studies on the organic molecules tetracene and pentacene have
found certain dimers and oligomers to exhibit an intense absorption in the visible
region of the spectrum which is not present in the monomer or many previously-studied
dimers. In this article we combine experimental synthesis with electronic structure
theory and spectral computation to show that this absorption arises from an otherwise
dark charge-transfer excitation ‘borrowing intensity’ from an intense UV excitation.
Further, by characterizing the role of relevant monomer molecular orbitals, we arrive at
a design principle that allows us to predict the presence or absence of an additional
absorption based on the bonding geometry of the dimer. We find this rule correctly
explains the spectra of a wide range of acene derivatives and solves an unexplained
structure-spectrum phenomenon first observed seventy years ago. These results pave
the way for the design of highly absorbent chromophores with applications ranging
from photovoltaics to liquid crystals.
1 Introduction
Investigation of the electronic structure and spectra of organic molecules has a long history,
dating back to the molecular orbital theories of Hückel1 and the oscillator strength sum
rules of Thomas, Reiche and Kuhn (TRK).2–4 These have been followed by development and
application of more sophisticated electronic structure methods5–14 and the formulation of
structure-spectrum design principles such as Kasha’s point-dipole model,15 crystallochromy,16
and the tuning of absorption frequencies (color) by alteration of orbital energy gaps.17 Despite
this considerable progress, there remains a need for more systematic design rules for the
creation of absorbent and tunable chromophores.18–20
More recently, there has been a surge of interest in organic chromophores for the devel-
opment of efficient photovoltaics.21,22 In particular, acenes such as tetracene and pentacene
possess the unusual and useful ability to undergo singlet fission23–26 which, by splitting one
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high-energy exciton into two low-energy triplets, has the potential to substantially increase
the efficiency of organic solar cells.27,28 This has led to the synthesis and characterization
of a large range of dimers and oligomers of tetracene and pentacene, some of which exhibit
an intense visible absorption in addition to the monomer S0 → S1 transition,25,29,30 whereas
others do not.31 This additional absorption occurs without any significant change in the
intensity or frequency of the lowest-energy monomer (S0 → S1) excitation, which is preserved
in all these dimers.25,29–31 Examining the literature, we find that an interesting dependence of
UV-vis spectra on the bonding geometry of acene dimers was first observed in 1948 for dimers
of naphthalene (where all the transitions are in the UV),32 and has since been observed in
many other acene derivatives.33–36 Previous computational investigations have assigned this
to a pi → pi∗ transition33,37 but there has been no clear explanation of its presence in some
acene derivatives32–36 and absence in others.38–45
While initially a curiosity, the ability to synthesize acene derivatives that exhibit enhanced
visible absorptions may lead to organic photovoltaic materials with increased efficiency. In
theory, using a more absorbent chromophore would allow for a decrease in the thickness of a
cell while still absorbing the same proportion of solar radiation thereby reducing cost and
increasing flexibility. The thinner cell would also allow more diffusing excitons to be extracted
as current, increasing efficiency.22,46 There is, consequently, a theoretical and practical need
to uncover the origin of this new absorption for the design of novel acene-derivative based
materials.
In this article we present a joint experimental-theoretical investigation that finds the origin
of this new visible absorption is ‘intensity borrowing’47 from an intense UV absorption. The
presence or absence of intensity borrowing in dimers can be deduced by examining whether
the relevant monomer molecular orbitals have amplitude on the carbon atoms through which
the monomers are bonded. We find that the resulting design rule can be used to predict
the absorption spectra of a very wide range of acene derivatives, including oligomers with
unusual bonding geometries and heteroatom-substituted derivatives.
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We begin by presenting experimental and computed acene spectra in section 2, finding
that Pople-Parr-Pariser (PPP) theory5–8 correctly predicts the presence or absence of the
extra absorption and its approximate intensity. To explain why this additional absorption is
observed in some dimers and not others, in section 3, we use intensity borrowing perturbation
theory and PPP theory to analyze the relevant monomer molecular orbitals. In section 4
we apply this analysis to bipentacenes, explaining the origin of the new absorption in some
dimers and its absence in others, and we formulate a general design rule for acene derivatives.
We show that this design rule correctly predicts the presence or absence of an additional
absorption in a large and diverse range of dimers, trimers, and oligomers in section 5.
Conclusions are presented in section 6.
2 Acene dimer spectra
The spectra of acenes is a much-studied area (see, for example, Refs. 8–10,10,12–14,40,48–58)
and here we focus on the particular case of covalently-linked dimers and oligomers of acenes.
Although we find our results to be widely applicable, we present them in the context of
Bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene, Fig. Fig. 1A), a molecule of interest
for its extensive applications in photovoltaics.24,25,37,38,59
2.1 Experimental spectra
We start by comparing the experimental spectra of TIPS-pentacene and a recently-reported
dimer, 2,2-bipentacene (22BP),25,59 with molecules shown in Fig. 1 and spectra in Fig. 2. The
spectra of TIPS-pentacene and 22BP have the familiar features of an acene spectrum:8,12,53 a
weak y-polarized transition at low frequencies (coordinates defined in Fig. 1A), accompanied
by a vibrational stretching progression and a very intense absorption in the near UV (310-
350 nm). We note two distinct differences between the spectrum of 22BP and the monomer.
First, 22BP exhibits a visible absorption around 500nm with its own vibrational stretching
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Figure 1: Structures of TIPS-pentacene (A), 2,2′-bipentacene (22BP, B), 1,1′-bipentacene
(11BP, C) and 2,2′-alkene-linked bipentacene (22eBP, D). On TIPS-pentacene the coordinate
axes are given along with definitions of short-axis (cata) and long-axis (peri) positions. By
each molecule is a picture of an experimental solution in CHCl3, showing how both TIPS-P
and 11BP are light blue, 22BP is blue-green, and 22eBP is dark green. The corresponding
linear absorption spectra are in Fig. 2.
progression. Second, although the lowest energy transition (S0 → S1) is unaffected by
dimerization, the intensity of the UV absorption decreases and red-shifts. The extinction
coefficients in Fig. 2 are plotted per pentacene to show that, in the visible, the 2,2′ dimer
is more absorbent than the sum of its parts and not simply an artifact of the chromophore
being twice as large.
A previous study focusing on the singlet fission properties of these molecules59 considered
bonding bulking phenyl groups around the inter-pentacene bond, finding that the size of
the new absorption decreased as the twist angle between the two chromophores increased.
Similarly, bonding a succession of benzene groups as linkers between the two pentacenes
causes the new absorption to decrease in intensity. To investigate the origin of this visible
5
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Figure 2: Experimental spectra of TIPS-P (black dashes), 11BP (red), 22BP (blue), and
22eBP (green) taken in CHCl3 (A) and corresponding computed spectra (using PPP theory)
(B), with insets in the visible region. Although the low-energy transition around 650nm is
virtually unchanged upon dimerization, the yellow box highlights the emergence of a new
absorption around 500nm, seen in 22BP and 22eBP (where it is more intense) but not 11BP.
The experimental extinction coefficients and computed spectra are plotted per pentacene to
show that 22BP and 22eBP are more absorbent in the visible than the sum of their parts.
Computed spectra have linebroadening applied but have not been shifted to agree with
experiment and do not incude vibrational progressions.
absorption further, we synthesized two more pentacene derivatives (details in the supporting
information). We make 1,1’-bipentacene (11BP, Fig. 1C) finding its spectrum in Fig. 2 to be
qualitatively identical to the TIPS-P monomer spectrum in the visible, and with a splitting
of the high-energy absorption in the UV. We also synthesize a planar analogue of 22BP,
2,2’-ethene-linked bipentacene (22eBP, Fig. 1D) by linking the monomers with an alkene
bond, where the alkene bond can be loosely interpreted as a conjugated ‘wire’ between two
chromophores. We find that 22eBP exhibits the most intense absorption in the visible region
of the spectrum among the bipentacenes considered here.
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2.2 Computed spectra
Since these are very large chromophores, we employ Pariser-Parr-Pople (PPP) theory5,8,60–62
to calculate dimer spectra. PPP theory was developed for the calculation of low-lying
excited electronic states of conjugated systems,5,8 and its similarity to simple molecular
orbital (MO) theories such as Hückel theory allows for a chemically intuitive interpretation
of results.60,61 Unlike Hückel theory, however, PPP theory includes two-electron interactions
(within the neglect of differential overlap (NDO) approximation) such that it correctly accounts
for Coulomb and exchange interactions which are required to give accurate excited-state
energies.7 Computational details are given in the SI where we also benchmark our monomer
calculations against high-level multiconfiguational calculations, confirming the suitability of
PPP theory.
Examining Fig. 2, we see that the PPP spectra are in good agreement with experimental
spectra (the computed energies are not shifted to agree with experiment) and correctly
predicts a visible absorption in 22BP and 22eBP that is not present in either 11BP or the
monomer. While the visible absorption in 22BP is somewhat weaker and slightly blue-shifted
compared to experiment, in 22eBP it is accurately captured, both in terms of absorption
frequency and relative intensity. We also see that PPP correctly predicts a Davydov splitting
of the 11BP absorption (seen as a peak with a shoulder around 320nm), and a diminution
in the height of the UV peaks of 22BP and 22eBP, although their relative intensities are
inaccurate.
From our PPP calculations (verified by high-level calculations reported in the SI), we
attribute the dimer excitation around 650nm to a predominantly HOMO→LUMO transition.
The intense UV peak arises from an in-phase combination of HOMO–3 to LUMO and HOMO
to LUMO+3, whose corresponding out-of-phase combination is dark in PPP theory and is
seen as a weak absorption at 440 nm in experiment. Excitations from the HOMO–1 to LUMO
and HOMO to LUMO+1 are dipole forbidden, and the excitations from the HOMO–2 to
the LUMO and the HOMO to the LUMO+2 are predicted by PPP theory to be y-polarized,
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giving a dark out-of-phase state and a bright in-phase state at 358nm and 366nm respectively.
The bright state probably corresponds to a shoulder in the intense UV absorption seen
experimentally around 350nm.
3 Elucidating dimer spectra
We investigate the origin of the visible absorption in 22BP and 22eBP using intensity borrowing
perturbation theory,47 where we contruct a zeroth-order set of states (corresponding to non-
interacting monomers), and examine the perturbation (if any) introduced by dimerization by
bonding at different positions.
We begin by noting that textbook arguments63 fail to explain the variation in our dimer
spectra. Conventional symmetry-breaking arguments fail to explain the extra absorption since
both 11BP and 22BP are C2 and the more symmetric C2h 22eBP has the largest absorption
(see Fig. 2). Similarly, a particle-in-a-box model63 predicts an intense HOMO to LUMO
S1 transition, which is inaccurate even for the monomer (Fig. 2), and it also predicts that
the lowest-energy transition redshifts and grows in intensity upon enlarging the molecule,
which is not observed. Furthermore, solvatochromism cannot explain the extra absorption,
since alternant hydrocarbons64 such as acenes have no ground-state dipole or multipole.
Planarity arguments could also be posited, since the overlap of the pi systems of the two
monomers would be expected to increase with planarity, and 11BP is more twisted (nearly
perpendicular) than 22BP (37◦ dihedral angle59) and planar 22eBP. However, by linking
pentacenes via an alkyne linker, a planar 6,6’-bipentacene has been synthesized38 and shows
no extra absorption in the visible (SI Fig. 1). Consequently, planarity is advantageous but
not sufficient.
More sophisticated theories of chromophore interaction include Kasha’s point-dipole
model,15 which can be used to explain the spectra of some acene derivatives.65,66 Kasha’s
model requires two bright excitations to interact, and can therefore explain the splitting of
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the high-energy absorption seen in the UV spectrum of 11BP, but not the emergence of a
new absorption in a region of the spectrum where there was previously none. The new dimer
absorption cannot result from the monomer S0 → S1 transition around 650nm splitting,
since that would result in two absorption peaks with combined intensity equal to that of the
monomer, whereas the dimer spectra of 22BP and 22eBP are more absorbent in the visible
than the sum of their parts (see Fig. 2).
However, intensity borrowing perturbation theory47 is promising here, as it describes
how dark transitions can ‘borrow intensity’ from bright states if they are coupled through a
perturbation. Since oscillator strength is conserved by the TRK sum rule,2–4,63 the resulting
new absorption in the spectrum is accompanied by a bright transition losing intensity. This is
in keeping with our previous observation on the spectra of 22BP/22eBP where the appearance
of a new visible absorption at 500nm is accompanied by a decrease in intensity of the UV
peak. We also find that a previous computational study on 22BP which investigated its
singlet fission properties and not the linear absorption spectrum, suggested the existence of a
charge-transfer state around 440nm.59 A reasonable hypothesis, is then, that a transition
in the visible, possibly this CT excitation, is ‘borrowing intensity’ from the UV in certain
dimers like 22BP and 22eBP but not in 11BP.
3.1 Intensity borrowing perturbation theory and PPP
We develop a theory to describe the interactions between the monomer UV excitations and
the low-energy CT excitation in a dimer by combining intensity borrowing perturbation
theory47 and PPP theory. We also characterize the role that dimer bonding geometry plays
in modulating the strength of this interaction and, therefore, the appearance (or not) of an
additional peak in the absorption spectrum.
We first formally define our system in the language of perturbation theory. Similar to
Kasha15 and the ideas of symmetry-adapted perturbation theory,67 for two monomers n and
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m, the Hamiltonian is
Hˆ = Hˆn + Hˆm + Vˆnm (1)
where Hˆn and Hˆm are the Hamiltonian operators of the monomers at infinite separation
and Vˆnm =: Vˆ is the intermonomer perturbation. Kasha approximated Vˆ as a dipole-dipole
interaction and assumed all excitations were intra-monomer,15 but here we make no a priori
assumptions about the nature of the excitations nor the functional form of Vˆ . Instead, we
choose to describe the overall system using PPP theory5–8 which we have already shown
provides an accurate description of the electronic structure of these molecules.
To define the monomer Hamiltonians within PPP theory,5–8,61,68 we letM be the set of
atoms on monomer m such that
Hˆm =
∑
µ∈M
Ôµnˆµ + Uµµnˆµ,↑nˆµ,↓ −
∑
〈µ<ν∈M〉
∑
σ
tµν(aˆ†µσaˆνσ + aˆ†νσaˆµσ)
+
∑
µ<ν∈M
γµν(nˆµ − Zµ)(nˆν − Zν) (2)
and likewise for monomer n, where nˆµ is the number operator for electrons on atom µ,
nˆµ =
∑
σ={↑,↓}
nˆµ,σ, (3)
where nˆµ,σ = aˆ†µ,σaˆµ,σ, and aˆ†µ,σ, aˆµ,σ are the creation and annihilation operators respectively
for an electron of spin σ on atom µ. Zµ is the local chemical potential, which is 1 for a carbon
atom. Ôµ is the on-site energy, which for a purely hydrocarbon chromophore we can set to zero
without affecting the energies of excited states. tµν is the hopping term, where 〈〉 indicates
the summation is over nearest neighbor pairs. Uµµ is the on-site (Hubbard) repulsion, and
γµν is the parameterized repulsion between an electron on atom µ and an electron on atom ν
(for details see SI).
Using the definition of the PPP Hamiltonian Hˆ for an arbitrary chromophore5–8,61,68 and
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Eq. (2), we define the intermonomer perturbation as
Vˆ =: Hˆ − Hˆn − Hˆm
= − ∑
〈µ∈M,ν∈N〉
∑
σ
tµν(aˆ†µσaˆνσ + aˆ†νσaˆµσ) +
∑
µ∈M,ν∈N
γµν(nˆµ − Zµ)(nˆν − Zν) (4)
Because the two chromophores are noninteracting at infinite separation, we can solve mean-
field variants (Fock operators) of Hˆn and Hˆm separately for their corresponding molecular
orbitals. The monomers are identical, allowing us to choose degenerate orbitals that are
localized entirely on monomer n or monomer m. These molecular orbitals are denoted φni
or φmi where the subscript indicates the ith MO of monomer n or m. In accordance with
convention8 bonding orbitals (those occupied in the ground state) are numbered 1, 2, 3, . . .
from the HOMO downwards and antibonding orbitals 1′, 2′, 3′, . . . from the LUMO upwards.
As noted by Pariser,8 care must be taken to be consistent with the relative signs of orbitals
in order for the Coulson-Rushbrooke theorem64 to be easily applied. For the perturbation
analysis of the dimers considered here we choose every monomer orbital to have the same
sign on the atom through which it is joined to the other monomer.
We are interested in linear absorption spectra and the dipole moment is a one-electron
operator, so we consider only singly excited states in keeping with the original formulation
of PPP. We denote single excitations |Φqj′pi 〉 where p and q are either n or m. We only
consider singlet spin-adapted configurations69 as triplet excitations are dark for hydrocarbons
with minimal spin-orbit coupling. There are two types of single excitations. First, when
p = q, |Φnj′ni 〉 or |Φmj
′
mi 〉, are intramolecular, local (Frenkel) excitations27,57,59,70 that we denote
as70 |LEnj′ni 〉 =: |Φnj
′
ni 〉. For alternant hydrocarbons5,8,64 such as the molecules considered in
this article, |LEnj′ni 〉 and |LEni
′
nj 〉 are degenerate and we therefore define ‘plus’ and ‘minus’
excitations8
|LE±ninj〉 =
1√
2
(|LEnj′ni 〉 ± |LEni
′
nj 〉) (5)
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where only ‘plus’ excitations have nonzero transition dipole moment from the ground state.8
The second type of excitation (when p Ó= q), |Φmj′ni 〉 or |Φnj
′
mi 〉, are intermolecular, charge-
transfer (CT) excitations27,57,70 which we denote |CTmj′ni 〉 =: |Φmj
′
ni 〉. We appreciate that there
are varying definitions and nomenclature for CT excitations in the literature,27,70–73 and here
the definition corresponds to removing an electron from an orbital localized entirely on one
monomer and placing it in an orbital localized on another monomer. Using the definition
of the dipole moment in PPP theory8 and that orbitals on different monomers are spatially
disjoint, we note that the CT excitations defined here are always dark, 〈Φ0|µˆ|CTmj′ni 〉 = 0.
Our zeroth order eigenstates of interest are thus the LE and CT states along with the
ground state, |Φ0〉. The only bright states at zeroth order will be the PPP ‘plus’ Frenkel
excitations, |LE+ninj〉.
3.2 First order perturbation
Having obtained zeroth-order eigenstates of Hˆ0, we now consider how they are mixed by the
perturbation Vˆ which occurs when the two monomer are covalently linked, and how this
alters the linear absorption spectrum. Following standard perturbation theory,63 we form the
‘good’ degenerate eigenstates of Hˆ0 as linear combinations of excitations which we denote A
and B in accordance with the irreducible representations (irreps) of the C2 point group.63
For Frenkel excitations we have
|LEA,±ij 〉 =
1√
2
(|Φ±ninj〉+ |Φ±mimj〉), (6a)
|LEB,±ij 〉 =
1√
2
(|Φ±ninj〉 − |Φ±mimj〉), (6b)
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and for CT
|CTAij〉 =
1√
2
(|Φmj′ni 〉+ |Φnj
′
mi 〉), (7a)
|CTBij〉 =
1√
2
(|Φmj′ni 〉 − |Φnj
′
mi 〉), (7b)
which is similar to the linear combinations used in (for example) Kasha exciton theory,15 that
considers only the dipole-dipole interactions of Frenkel excitations. Note that in certain cases
of degeneracy further linear combinations may be required but we do not find this necessary
in what follows.
Since the perturbation Vˆ is symmetric under all the symmetry operations of the dimer,
only like irreps can mix. We are therefore interested in the UV Frenkel excitations |LEA,+14 〉
and |LEB,+14 〉 mixing with the dark charge-transfer excitations |CTA11〉 and |CTB11〉 respectively.
Using standard electronic structure theory algebra69 we find
〈LEA,+14 |Vˆ |CTA11〉 =0 (8)
〈LEB,+14 |Vˆ |CTB11〉 =
1
2
√
2
(tn4′m1′ + tn4m1 + tm4′n1′ + tm4n1) (9)
where tnimj is an element of the one-electron, hopping matrix in the molecular orbital basis.
Note that due to the NDO approximation present within PPP theory, there are no two-
electron terms in Eq. (9). Equation 8 shows that |CTA11〉 cannot borrow intensity from |LEA,+14 〉
(to first order), and we therefore need only consider the corresponding B excitations. This
result is particularly convenient for planar or near-planar structures such as 22BP and 22eBP
where dipole moment arguments show that only excitations of B symmetry are likely to have
significant oscillator strength.
To quantify the extent of mixing, we further simplify the right hand side of Eq. (9). Using
the Coulson-Rushbrooke theorem64 and the definition of the sign of monomer orbitals (see
above) we find that tn4′m1′ = tn4m1 and tm4′n1′ = tm4n1. We also find from the C2 symmetry
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of the dimer that tn4′m1′ = tm4′n1′ and tn4m1 = tm4n1. We can then evaluate the one unique
matrix element to obtain
〈LEB,+14 |Vˆ |CTB11〉 =
√
2tν∗σ∗cn1,ν∗cm4,σ∗ (10)
where cni represent the expansion coefficients for the monomer orbitals in the atomic orbital
basis, φni =
∑
λ cni,λχλ. Due to the nearest-neighbor nature of t, the only relevant expansion
coefficients in Eq. (10) become those associated with the dimer bonding position, i.e., ν∗
and σ∗. We further note that tν∗σ∗ will in general be proportional to cos(θ) where θ is the
dihedral angle between the two monomers. Finally, using intensity borrowing perturbation
theory,47 we find that the dipole moment of the CT excitation is, at first order,
〈Φ0|µˆ|CTB,(1)11 〉 Ä −〈Φ0|µˆ|LE+,B14 〉
√
2tν∗σ∗cn1,ν∗cm4,σ∗
E(CTB11)− E(LE+,B14 )
. (11)
and the intensity of the new absorption will be proportional to the square of the dipole
moment.63
4 Application to bipentacenes
Having arrived at an expression to estimate intensity borrowing to first order in Eq. (11), we
undertake an investigation of the extent to which this phenomenon is observed in bipentacenes.
For 11BP a monomer calculation gives cm4,σ∗=1 = 0, such that 〈Φ0|µˆ|CTB,(1)11 〉 and there
is no new low-energy absorption. For 22BP a monomer calculation gives cm4,σ∗=2 Ó= 0, and
we find
−√2t0 cos(θ)cn1,ν∗=2cm4,σ∗=2 =− 0.0860 eV (12)
E(CTB11) =3.58 eV (13)
E(LEB,+14 ) =3.86 eV (14)
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where we use the atom numbering in Fig. 1 and set t0 = 2.2 eV and θ = 37◦. Consequently,
〈LEB,+14 |Vˆ |CTB11〉
E(CTB11)− E(LE+,B14 )
= 0.30. (15)
The perturbation therefore corresponds to 0.302 Ä 9% of the UV peak intensity being
borrowed. We emphasize that the 9% intensity borrowing calculated here is qualitative
as we are neglecting all second-order contributions arising from mixing with other states.
We further note that although the perturbation is sufficiently significant, leading to visible
change in color, is still weak as evidenced by the UV absorption in 22BP and 22eBP
continuing to be the dominant absorption. We further calculate the energy of the low-
energy absorption from the first order correction to the energy of the CT state, which is
〈CTB11|Vˆ |CTB11〉 = −(n1n1|m1′m1′) = −0.91eV, corresponding to the Coulomb attraction of
an electron in the LUMO of one molecule and a hole in the HOMO of the other. This gives
E
(1)
CTB11
= 2.67 eV (464 nm), close to the experimentally observed new transition at 496 nm.
The dihedral angle arguments advanced earlier for the strength of the absorption also
explain the more intense absorption seen in 22eBP. Treating the alkene linker to be a molecular
‘wire’ through which the monomers interact, we estimate the new absorption in 22eBP to be
cos2(0◦)/ cos2(37◦) Ä 1.57 times greater than the absorption in 22BP. This is experimentally
verified by the stronger visible absorption peak that appears in the spectra of Fig. 2A.
We find that the conclusions reached through intensity borrowing and perturbation theory
(Eq. (11)) above can be anticipated by examining the nodal structure of the relevant monomer
orbitals. In Fig. 3A, we present the top four HOMOs of TIPS-Pentacene obtained from an
RHF calculation that are qualitatively similar to the orbitals from a PPP calculation. The
HOMO–3 orbital has nodes on every long-axis carbon (red arrows in Fig. 3A), as is the case
for all acenes,8 and has been observed experimentally.74 The HOMO, HOMO–1 and HOMO–2
all have nodes in the horizontal (xz) plane but the HOMO–3 does not. Now, consider joining
together two monomers by the 1, 1′ and 2, 2′ positions, shown schematically in Fig. 3B. For
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HOMO-2 HOMO-1 HOMOHOMO-3
Orbital node
Orbital amplitude
Long-axis dimer
No orbital interaction
Short-axis dimer
Significant orbital interaction
A
B
(i) 11BP (ii) 22BP
Figure 3: A Top four HOMOs of TIPS-pentacene. Transitions from the HOMO–3 contribute
to the intense UV absorption in the monomer and those from the HOMO to a low-energy
CT state. B shows how examining nodal structure of orbitals can explain the emergence
of an extra absorption. Bonding along a long-axis carbon as for 11BP in B(i) leads to no
significant interaction between the HOMO–3 on one monomer and the HOMO on the other.
Conversely, bonding via a short-axis carbon as for 22BP in B(ii) leads to a significant orbital
interaction. For clarity the dimers are drawn planar and with an elongated inter-monomer
bond (thick black line) and long/short axes are defined in Fig. 1A.
11BP in Fig. 3B(i), we see that the HOMO has nonzero amplitude at the 1 position, but
the HOMO–3 has zero amplitude such that the perturbation cn1,ν∗cm4,σ∗ = 0, leading to no
new low-energy absorption peak in the spectrum. For 22BP, as shown in Fig. 3B(ii), both
the HOMO and HOMO–3 have substantial amplitude, cn1,ν∗cm4,σ∗ Ó= 0 and a new low-energy
absorption peak is predicted, and verified both by the experimental spectrum and from PPP
calculations (Fig. 2).
Using similar arguments, once can show that indirect mixing (via another excitation)
is likely to be minimal unless the monomers are joined via a short-axis carbon. The same
inferences can be drawn by examining the monomer LUMOs using the Coulson-Rushbrooke
theorem,64 as shown in the SI.
The intensity borrowing and molecular orbital arguments above show that acene monomers
must be joined via short-axis carbons in order to observe a new, low-energy absorption. Since
this analysis can, in theory, be performed for arbitrarily many monomers, we would expect
this result to hold for oligomers and polymers as well as dimers. In addition, the MO
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arguments suggest that joining acenes via a long-axis carbon or both short-axis carbons will
not lead to enhanced low-energy absorption, since the HOMO has a long-axis (xz) nodal
plane whereas the HOMO–3 does not, leading to no constructive interaction between the
relevant orbitals.
We are now ready to construct a simple design rule to make acene dimers, oligomers and
polymers that will exhibit a new low-energy (visible) absorption peak in their spectra:
Join the monomers via a short-axis carbon, and avoid a long-axis symmetry plane
passing through adjacent monomers.
This is the main result of the article and is summarized in Fig. 4.
Join acenes here
Avoid long-axis symmetry plane through monomers
Figure 4: Design rule identifying bonding motifs in acene-based dimers and oligomers that
exhibit an additional low-energy absorption
Clearly, for the low-energy absorption to be significant there must be significant interactions
between the monomers’ pi systems – they must be directly bonded, otherwise held very close
together, or be connected via a conjugated linker (such as in 22eBP). Furthermore, if the
design rule is satisfied, increasing planarity will increase the intensity of the extra absorption.
5 Application to general acenes
We have already demonstrated that the design rule proposed in the previous section can
explain the presence or absence of a visible absorption peak in the spectra of 11BP, 22BP,
and 22eBP. Here, we demonstrate the broad applicability of this rule by anticipating the
experimental UV-Vis spectra of acene dimers, trimers, oligomers, and polymers, as well
as a variety of hetero-atom substituted derivatives made for a broad range of applications
including as a demonstration of organic synthesis,33,34,40,44 for organic semiconductors,35,36,38
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Figure 5: Illustrative examples of acene derivatives, showing how the design rule correctly
predicts the presence or absence of an extra, low-energy absorption. Left: molecules bonded
via a short-axis carbon (blue oval) and without a horizontal (xz) symmetry plane through
adjacent monomers all show enhanced low-energy absorption in their experimental UV-vis
spectra. Right: molecules bonded via a long-axis carbon (red oval), or such that the horizontal
symmetry plane is preserved through adjacent monomers (red dashes), none of which show
enhanced absorption compared to their corresponding monomer(s). The design principle
correctly applies to acene dimers, oligomers and polymers such as A,37 B,33 F,38 G39 and
H,40 complex geometries such as C,34 I,41,42 J43 and K,44 and to heteroatom-substituted
dimers D,35 E,36 and L.45 R denotes a solubilising or stabilising group.
liquid crystals,41 polymer synthesis,42 sensors,45 photovoltaic applications,37,39,43 and one to
explore structure-spectrum relationships.32
A small selection of these are drawn in Fig. 5 grouped according to whether or not their
spectra have enhanced low-energy absorption compared to their corresponding monomers.
Our design rule correctly predicts the presence or absence of an extra absorption in all
cases, including dimers, oligomers and polymers of naphthalene,32 anthracene (Fig. 5B and
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Fig. 5H33,40), tetracene (Fig. 5G39) and pentacene (Fig. 1, Fig. 5A and Fig. 5F25,37,38,59),
thereby explaining the structure-spectrum phenomenon first observed in 1948.32 It also
correctly predicts the presence or absence of an extra absorption for unusual and com-
plex geometries such as starphenes (Fig. 5C34), iptycenes (Fig. 5I41,42), bridged dimers
(Fig. 5J43), and cyclophanes (Fig. 5K44). Further, we find this design rule also holds in
heteroatom-substituted acene derivatives such as the tetra-aza-pentacene dimer in Fig. 5D,35
the anthrathiophene dimer in Fig. 5E36 and the aza-anthracene trimer Fig. 5L45 (compared
to its corresponding monomers75,76). This unexpected applicability of the design rule can
be attributed to the ‘striped’ orbitals in Fig. 3A that will be solutions to the Hückel Hamil-
tonian of the heteroatom-substituted acene in cases where only the diagonal energies (Ôµ)
are perturbed and not the off-diagonal (tµν) terms. In general, this will hold when the
the heterosubstitution is only on long-axis carbons. For the thiophene derivative, standard
organic chemistry77 suggests that the S heteroatom is of a similar size to a C=C double bond,
making thiophene qualitatively similar to benzene. With this reasoning the anthrathiophene
dimer can be likened to a 2, 2′-tetracene dimer, explaining the new low-energy absorption.
Finally, we note that it is challenging to apply the design rule described here to oligomers
where two or more moieties overlap in such a way that through-space interaction become
important, such as the cross-conjugated dimers in Refs 26 and 78. In these cases a more
sophisticated formulation of the hopping term than nearest-neighbor interactions will be
required for PPP theory (and the intensity borrowing arguments) to be applied.
6 Conclusions
This article uses PPP theory and intensity borrowing perturbation theory to construct a simple
rule for predicting and explaining the low-energy absorption spectra of acene derivatives.
The resulting testable and experimentally verifiable design rule has been found to hold in a
large variety of dimers, trimers, oliogmers and polymers, including those with heteroatom
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substitution and unusual bonding geometries. This is particularly useful because it allows
for the presence or absence of a new low-energy absorption to be determined from the
monomer orbitals alone, without having to simulate the electronic structure of each dimer
or oligomer separately. This a priori design of highly absorbent molecules, of which this is
a proof-of-concept, has significant implications for photovoltaic design, where some organic
solar photovoltaics are constrained by the small diffusion length of excitons compared to the
thickness of material required to absorb a significant fraction of visible light.22 Developing
more absorbent molecules that retain the necessary photophysical charge-transport properties
could allow for thinner, flexible, cheaper and more efficient solar cells.
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2
I. COMPUTATIONAL DETAILS
All calculations were performed in vacuo as the ground states of alternant hydrocarbons
such as pentacene have no dipole (or multipole) and are therefore not expected to show a
solvatochromic shift.
Our first task is to compute the ground-state structures of these molecules. Consistent
with previous calculations on TIPS-pentacene derivatives, we convert the Si(i-Pr)3 groups to
hydrogens as they do not significantly affect the electronic structure of the chromophore [1].
Similar to previous calculations on the pentacene monomer (without the TIPS groups) [2], we
optimize the monomer structure using complete active-space self-consistent field (CASSCF),
here at the 8o8e level with orbitals chosen by energy (four highest HOMOs and four lowest
LUMOs), using a restricted Hartree-Fock (RHF) reference and no state-averaging. As in
previous work [2] we used a trimmed cc-pVTZ basis, with the f functions removed from
carbon and the d functions from hydrogen. The 22BP structure was taken from Ref. 1. Due
to computational cost, 11BP, 22eBP, and 66yBP were optimized using DFT with the B3LYP
functional in a 6-31G∗ basis. Coordinates are given in section IV of the SI.
High-level monomer calculations used CASSCF and generalized multiconfiguational
quasidegenerate perturbation theory (GMC-QDPT) with the same basis as for optimization.
CASSCF calculations were state-averaged over the lowest three states of a given symme-
try, and GMC-QDPT calculations used the standard intruder state avoidance parameter of
0.02E2h and Granovsky’s zeroth-order Hamiltonian for XMC-QDPT [3]. Pictures of monomer
MOs were generated using the same basis from a restricted Hartree-Fock (RHF) calculation,
have the same qualitative structure as from a PPP calculation, and are ordered according
to their PPP energy.
Similar to previous research [4] for PPP calculations the hopping parameter tµν was set
to 2.2eV for single bonds, 2.4 eV for aromatic bonds, and 2.8 eV for triple bonds, scaled by
a cosine of the dihedral angle for inter-monomer bonds [5]. The electronic repulsion terms
were parameterized using the Mataga-Nishimoto form [6]: Vµν = U/(1 +
Rµν
r0
), where the
Hubbard parameter U = 8 eV [4] and r0 = 1.634A˚, which was found to give good agreement
for the pentacene monomer (see Table I below). For highly non-planar molecules, other
3
Exp. abs. GMC-QDPT GMC-QDPT GMC-QDPT PPP state PPP excitations PPP
λ (nm) state excitations λ (nm) λ (nm)
642 1B2u 0.94|Φ1′1 〉 597 1B2u 0.99|Φ1
′
1 〉 662
440 1B3u 0.72|Φ1′4 〉 − 0.58|Φ4
′
1 〉 460 1B3u 0.67(|Φ1
′
4 〉 − |Φ4
′
1 〉) 385
310 3B3u 0.59|Φ1′4 〉+ 0.71|Φ4
′
1 〉 307 2B3u 0.69(|Φ1
′
4 〉+ |Φ4
′
1 〉) 317
TABLE I. Energies of selected excited states of TIPS-pentacene computed using 8o8e CASSCF
with GMC-QDPT, and PPP theory (see computational details). PPP orbital numbering is used
[12], where |Φj′i 〉 is a singlet spin-adapted excitation from monomer orbital i to monomer orbital
j′. For comparison, orbitals are ordered according to their PPP energy, and their signs are chosen
to be consistent with the Coulson-Rushbrooke theorem [12, 13]. The GMC-QDPT 2B3u state is
predominantly composed of double excitations and is therefore not captured by PPP theory.
NDO methods such as INDO could be used for spectral prediction [7, 8] but conventional
PPP theory is found to be sufficiently accurate for the molecules studied (see Fig. 2 of
the main article). For plotting the results of PPP calculations, the excited state energies
were not shifted to agree with experiment. Peaks were broadened used a full width at half
maximum value of 20 nm, and do not include vibrational progressions. PPP calculations
were performed using in-house code finding the lowest 25 singly excited states. All other
electronic structure calculations were performed using the GAMESS-US package [9, 10],
using the standard input parameters unless otherwise stated, and used XSEDE resources
[11]. Orbitals are plotted using Macmolplt and a contour value of 0.01.
In Table I we compare the results of GMC-QDPT, PPP theory and experiment for relevant
low-lying excited states.
Examining the high-level and PPP calculations in Table I, we find that PPP is more accu-
rate than GMC-QDPT for the lowest-energy transition, less accurate for the dark 1B3u state
and both methods capture the UV excitation around 310nm to within 10nm. Importantly,
the excitations corresponding to the excited states in Table I are the same in both GMC-
QDPT and PPP and weighted by similar coefficients, showing that despite the simplicity of
PPP theory, it provides an accurate description of these excited states.
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II. SUPPLEMENTARY FIGURES
A B
C
FIG. 1. Structure and spectra of the planar bipentacene 66yBP. (A), Chemical structure of the
alkyne-linked 6, 6′-bipentacene [14]. Neither the experimental spectrum [14] (B) nor computed
spectrum using PPP theory (C) show an extra low-energy absorption compared to TIPS-P. This is
despite the ability of the dimer to lie flat, and the large inter-chromophore interaction which causes
the lowest-energy excitation to be redshifted by approximately 100nm compared to monomeric
TIPS-Pentacene.
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LUMO+1LUMO+2LUMO+3 LUMO
Orbital node
Orbital amplitude
Long-axis dimer
No orbital interaction
Short-axis dimer
Significant orbital interaction
FIG. 2. Monomer LUMOs. LUMOs of TIPS-pentacene, showing how the LUMO+3, like the
HOMO–3, has nodes on all long-axis tertiary carbons. Furthermore, the LUMO+3 has a node in
the long-axis (xz) symmetry plane, whereas none of the other LUMOs shown do.
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III. EXPERIMENTAL METHODS
A. General Methods
All commercially obtained reagents/solvents were used as received; chemicals were pur-
chased from Alfa Aesarr, Sigma-Aldrichr, Acros organicsr, TCI Americar, Mallinckrodtr,
and Oakwoodr Products, and were used as received without further purification. Unless
stated otherwise, reactions were conducted in oven-dried glassware under argon atmosphere.
1H-NMR and 13C-NMR spectra were recorded on Bruker 400 MHz (100 MHz for 13C) and on
500 MHz (125 MHz for 13C) spectrometers. Data from the 1H-NMR and 13C spectroscopy
are reported as chemical shift (δ ppm) with the corresponding integration values. Coupling
constants (J ) are reported in hertz (Hz). Standard abbreviations indicating multiplicity were
used as follows: s (singlet), b (broad), d (doublet), t (triplet), q (quartet), m (multiplet) and
virt (virtual). The mass spectral data for the compounds were obtained from XEVO G2-XS
Watersr equipped with a QTOF detector with multiple inlet and ionization capabilities in-
cluding electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), and
atmospheric solids analysis probe (ASAP). The base peaks were usually obtained as [M]+ or
[M+H]+ ions.
Anhydrous solvents were obtained from a Schlenk manifold with purification columns
packed with activated alumina and supported copper catalyst (Glass Contour, Irvine, CA).
All reactions were carried out under argon unless otherwise noted.
B. General protocol for the synthesis of bipentacenes
The general synthetic scheme is similar to the previously-reported synthesis of 22BP[1,
15, 16]. For more details on the synthesis of 2,2-BP and other intermediates please refer to
our previous publications [1, 15, 16].
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Si(i-Pr)3
Si(i-Pr)3
B
O
O
B
O
O
1. n-BuLi, TIPS-acetylene
    THF, -78 oC, 1 h
2. 3, rt, 12 h followed by
   Satd. SnCl2 in 10% HCl, 1 h
Si(i-Pr)3
Si(i-Pr)3
Pd(dppf)Cl2, KOAc
Dioxane, 80 oC, 12 h
 Pd(dppf)Cl2, K2CO3
O
O
O
O
Br
Br
Br
Br
DMF, KI
100 oC, 24 h
Si(i-Pr)3
Si(i-Pr)3
Si(i-Pr)3
Si(i-Pr)3
Si(i-Pr)3
Si(i-Pr)3
Si(i-Pr)3
Si(i-Pr)3
Br
1
Br
BrBPin
2 3
45
Si(i-Pr)3
Si(i-Pr)3
4a/b
a = 1-Br
b = 2-Br
Br
Si(i-Pr)3
Si(i-Pr)3
5a/b
a = 1-BPin
b = 2-BPin
BPin
THF:H2O (3:1), reflux, 24 h
1,1-BP
2,2-BP
Synthesis of Bpin derivatives of TIPS pentacenes:
Synthesis of Bipentacenes:
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C. General protocol for the synthesis of trans-ethylene-2,2-bipentacene
Si(i-Pr)2(n-C8H17)
Si(i-Pr)2(n-C8H17)
Si(i-Pr)2(n-C8H17)
Si(i-Pr)2(n-C8H17)
Si(i-Pr)2(n-C8H17)
Si(i-Pr)2(n-C8H17)
Br
Sn(Bu)3(Bu)3Sn
 Pd(dppf)Cl2, THF
reflux, 5 h
4c
6
D. General procedure for the synthesis of BPin derivatives of pentacenes
1. Molecule 3
O
O
Br
3
A mixture of 1,2-bis(dibromomethyl)benzene derivative 1 (1.1 equiv) and anthracene-1,4-
dione (1.0 equiv.) and KI (4.0 equiv.) in dry DMF was heated to 100◦ C and maintained
for 24 h. After the reaction, the mixture was cooled to room temperature and diluted with
methanol. The slurry was filtered and the solid was washed with water and methanol. The
resulting 6,13-pentacenequinone was collected and dried. The crude product was directly
used for next step without further purification.
Due to limited solubility of the 6,13-pentacenequinones no characterization was carried
out.
9
Si(i-Pr)3
Si(i-Pr)3
Br
4
2. Molecule 4
To a solution of triisopropylsilylacetylene (3.5 equiv.) in dry and degassed THF (25 mL)
in 200 mL Schlenk flask at -78 ◦C added n-butyl lithium (3.4 equiv., 2.5 M in hexanes). This
solution was allowed to stir at -78 ◦C for 1 h followed by the addition of 3 (4.0 g, 1.0 equiv.)
under positive argon flow. The solution was allowed to warm to rt and stirred overnight
(16 h) or until solid pentacenoquinone was no longer observed. To this clear, deep yellow
solution was added of a saturated solution of tin (II) chloride dihydrate in 10% aqueous
HCl solution (50 mL) during which the solution turned deep blue. The resulting mixture
was stirred at rt for 1 h under dark and filtered over a pad of silica. The solid was washed
with DCM and the combined organic layer was washed with water (2 × 200 mL), dried over
anhyd. Na2SO4, filtered and the solvent was removed under reduced pressure to get the
crude product. The crude was purified by silica chromatography using hexanes as an eluent
to obtain bromopentacene derivative 4 as a deep blue solid in 16% yield.
1H-NMR (500 MHz, CDCl3, δ ppm): 9.72 (s, 1H), 9.41-9.33 (m, 3H), 8.04-7.96 (m, 3H),
7.77-7.75 (m, 1H), 7.48-7.45 (2H), 7.29-7.25 (m, 1H) and 1.48-1.38 (m, 42H).
13C-NMR (125 MHz, CDCl3, δ ppm): 132.8, 132.5, 132.4, 130.94, 130.9, 130.8, 132.75,
130.72, 129.8, 128.9, 128.7, 128.66, 127.3, 126.9, 126.6, 126.3, 126.3, 126.2, 125.8, 123.4,
119.3, 118.3, 108.0, 107.5, 104.5, 104.3, 19.1, 19.0 and 11.7.
MS (ASAP): Calculated: 717.2947; Observed: 717.2939.
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3. Molecule 5
Si(i-Pr)3
Si(i-Pr)3
BPin
5
To a dry round bottomed flask was added 4 (4.0 g, 5.57 mmol), Pd(dppf)Cl2·DCM (203
mg, 0.25 mmol), KOAc (1.91 g, 19.5 mmol), and bis(pinacolato)diboron (2.82g, 11.1 mmol).
Sequential vacuum and argon were used to degas the mixture followed by the addition of
degassed 1, 4 dioxane (70 mL). The mixture was heated to 80 ◦C and maintained for 12 h
in the dark. After the reaction, the mixture was cooled to rt and the solvent was removed
under reduced pressure. The crude was partitioned between DCM (250 mL) and water
(200 mL). The organic layer was separated, washed with water (2 × 200 mL), dried over
anhyd. Na2SO4, filtered and the solvent was removed under reduced pressure to get the crude
product. The crude was purified by silica chromatography using mixtures of hexanes/DCM
as an eluent to obtain BPin pentacene derivative 5 as a deep blue solid in 80% yield.
1H-NMR (400 MHz, CDCl3, δ ppm): 9.93 (s, 1H), 9.52 (s, 1H), 9.37 (s, 2H), 8.12-8.08
(m, 2H), 8.04-8.00 (m, 2H), 7.47-7.44 (m, 3H), 1.54 (s, 12H) and 1.44-1.40 (m, 42H).
13C-NMR (100 MHz, CDCl3, δ ppm): 137.4, 134.5, 132.6, 132.4, 132.3, 132.2, 131.6, 130.7,
130.6, 130.4, 128.6, 127.3, 126.8, 126.7, 126.2, 125.96, 125.1, 118.9, 118.3, 107.6, 107.0, 105.5,
104.9, 83.9, 24.9, 19.2, 19.0, 12.0 and 11.7.
MS (ASAP): Calculated: 765.4694; Observed: 765.4688
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E. Synthesis of bipentacenes:
To a 20 mL sealed tube was added 4a/b (72 mg, 0.1 mmol), 5a/b (76 mg, 0.1 mmol),
Pd(dppf)Cl2·DCM (4 mg, 0.005 mmol), and K2CO3 (240 mg, 1.7 mmol). Sequential vacuum
and argon were used to degas the mixture followed by the addition of degassed H2O (1 mL)
and THF (3 mL). The resulting solution was heated to 70 ◦C and maintained for 24 h in
dark. After the reaction, the solution was poured into a separatory funnel containing DCM
(30 mL) and water (30 mL). The organic layer was separated, dried over anhyd. Na2SO4,
filtered and the solvent was removed under reduced pressure to get the crude product. The
crude was purified by silica chromatography using mixtures of hexanes/DCM as an eluent
to obtain bis-pentacenes as solid.
1. 11BP
Si(i-Pr)3
Si(i-Pr)3
Si(i-Pr)3
Si(i-Pr)3
1,1-BP
Yield: 84% (Pale blue solid)
1H-NMR (500 MHz, CDCl3, δ ppm): 9.51 (s, 1H), 9.31 (s, 1H), 9.15 (s, 1H), 9.07 (s, 1H),
8.15 (d, J = 8.5 Hz, 1H), 7.97 (d, J = 8.5 Hz, 1H), 7.85 (d, J = 8.5 Hz, 1H), 7.61-7.58
(m, 1H), 7.52-7.51 (m, 1H), 7.41-7.34 (m, 2H), 1.496-1.44 (m, 21H), 0.87-0.86 (m, 9H) and
0.76-0.68 (m, 12H).
13C-NMR (125 MHz, CDCl3, δ ppm): 139.3, 132.7, 132.3, 132.2, 132.1, 130.8, 130.6,
129.1, 128.7, 128.6, 128.2, 126.9, 126.5, 126.1, 125.9, 125.9, 125.8, 125.7, 118.9, 117.9, 107.4,
106.8, 104.9, 103.8, 19.1, 18.6, 18.5, 11.8 and 11.2.
MS (ASAP): Calculated: 1275.7450; Observed: 1275.7440
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2. 22eBP
Si(i-Pr)2(n-C8H17)
Si(i-Pr)2(n-C8H17)
Si(i-Pr)2(n-C8H17)
Si(i-Pr)2(n-C8H17)
To a 20 mL sealed tube was added 4c (240 mg, 0.28 mmol), Pd(dppf)Cl2·DCM (12 mg,
0.015 mmol), and trans-1,2-bis(tri-n-butylstannyl)ethylene 6 (66 mg, 0.11 mmol). Sequential
vacuum and argon were used to degas the mixture followed by the addition of degassed
THF (3 mL). The mixture was heated to reflux and maintained for 5 h in the dark. After
the reaction, the mixture was cooled to rt and the solvent was removed under reduced
pressure. The crude reaction mixture was purified by silica chromatography using mixtures
of hexanes/DCM as an eluent to obtain product as a deep blue solid with 80% yield.
1H-NMR (500 MHz, CDCl3, δ ppm): 9.32-9.23 (m, 8H), 8.02-7.97 (m, 8H), 7.86-7.84
(m, 2H), 7.50 (s, 2H), 7.49-7.42 (m, 4H), 1.85-1.77 (m, 8H), 1.58-1.54 (8H, overlap H2O),
1.42-1.34 (m, 70H), 1.29-1.27 (m, 16H), 1.03-0.98 (m, 9H) and 0.89-0.81 (m, 13H)
13C-NMR (125 MHz, CDCl3, δ ppm): 134.6, 132.4, 132.3, 132.2, 131.9, 131.0, 130.8,
130.7, 130.5, 129.1, 128.6, 128.2, 126.4, 126.3, 126.2, 126.0, 125.99, 125.91, 123.1, 118.4,
118.2, 107.4, 107.3, 104.6, 104.5, 34.1, 34.07, 32.0, 29.6, 29.5, 29.44, 29.41, 25.0, 24.99, 22.7,
18.8, 18.77, 18.72, 18.5, 18.49, 14.1, 14.08, 12.3, 12.2, 10.6 and 10.5.
MS (ESI): Calculated: 1582.0712; Observed: 1582.0714
13
IV. CO-ORDINATES FOR ELECTRONIC STRUCTURE CALCULATIONS
All coordinates are given in A˚ngstro¨ms in GAMESS notation.
A. TIPS-pentacene
Optimized in the D2h point group.
ATOM CHARGE X Y Z
------------------------------------------------------------
C 6.0 0.0000000000 4.0308083610 0.0000000000
C 6.0 0.0000000000 -4.0308083610 0.0000000000
C 6.0 0.0000000000 2.8480468252 0.0000000000
C 6.0 0.0000000000 -2.8480468252 0.0000000000
C 6.0 0.0000000000 1.4087548890 0.0000000000
C 6.0 -0.0000000000 -1.4087548890 0.0000000000
C 6.0 -1.2241740825 0.7138331268 0.0000000000
C 6.0 1.2241740825 0.7138331268 0.0000000000
C 6.0 -1.2241740825 -0.7138331268 0.0000000000
C 6.0 1.2241740825 -0.7138331268 0.0000000000
C 6.0 -2.4645223735 1.3937263190 0.0000000000
C 6.0 2.4645223735 1.3937263190 0.0000000000
C 6.0 -2.4645223735 -1.3937263190 0.0000000000
C 6.0 2.4645223735 -1.3937263190 0.0000000000
C 6.0 -3.6641994773 0.7090627815 0.0000000000
C 6.0 3.6641994773 0.7090627815 0.0000000000
C 6.0 -3.6641994773 -0.7090627815 0.0000000000
C 6.0 3.6641994773 -0.7090627815 0.0000000000
C 6.0 -6.0812759032 0.7175412661 0.0000000000
C 6.0 6.0812759032 0.7175412661 0.0000000000
C 6.0 -6.0812759032 -0.7175412661 0.0000000000
14
C 6.0 6.0812759032 -0.7175412661 0.0000000000
C 6.0 -4.9258450649 1.3986591718 0.0000000000
C 6.0 4.9258450649 1.3986591718 0.0000000000
C 6.0 -4.9258450649 -1.3986591718 0.0000000000
C 6.0 4.9258450649 -1.3986591718 0.0000000000
H 1.0 0.0000000000 5.0839495280 0.0000000000
H 1.0 0.0000000000 -5.0839495280 0.0000000000
H 1.0 -2.4695833345 2.4631338945 0.0000000000
H 1.0 2.4695833345 2.4631338945 0.0000000000
H 1.0 -2.4695833345 -2.4631338945 0.0000000000
H 1.0 2.4695833345 -2.4631338945 0.0000000000
H 1.0 -4.9230541382 2.4715419620 0.0000000000
H 1.0 4.9230541382 2.4715419620 0.0000000000
H 1.0 -4.9230541382 -2.4715419620 0.0000000000
H 1.0 4.9230541382 -2.4715419620 0.0000000000
H 1.0 7.0179156581 -1.2400824719 0.0000000000
H 1.0 -7.0179156581 -1.2400824719 0.0000000000
H 1.0 7.0179156581 1.2400824719 0.0000000000
H 1.0 -7.0179156581 1.2400824719 0.0000000000
B. 11BP
Optimized in the C2 point group. A number of low-energy structures were found with
slightly different dihedral angles (80◦–100◦) between the two pentacenes, but which did not
significantly alter the calculated spectra. We chose a structure with a dihedral of 81◦ which
was supported by low-level calculations on 11BP with the TIPS groups.
C 6.0 -5.0168112146 1.6786790667 0.0464831369
C 6.0 5.0168112146 -1.6786790667 0.0464831369
C 6.0 -3.7770489120 -0.8995243633 -0.0234142169
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C 6.0 3.7770489120 0.8995243633 -0.0234142169
C 6.0 -5.6341113352 2.9610319681 0.0836332259
C 6.0 5.6341113352 -2.9610319681 0.0836332259
C 6.0 -3.1608849614 -2.1824592852 -0.0580493116
C 6.0 3.1608849614 2.1824592852 -0.0580493116
C 6.0 -6.1618397466 4.0524937895 0.1147753046
C 6.0 6.1618397466 -4.0524937895 0.1147753046
C 6.0 -2.6362554178 -3.2751541152 -0.0859442496
C 6.0 2.6362554178 3.2751541152 -0.0859442496
H 1.0 -6.6270642889 5.0117618599 0.1402879113
H 1.0 6.6270642889 -5.0117618599 0.1402879113
H 1.0 -2.1654838949 -4.2317995341 -0.1083126340
H 1.0 2.1654838949 4.2317995341 -0.1083126340
C 6.0 -5.5622687669 0.6571259705 -0.7810752597
C 6.0 5.5622687669 -0.6571259705 -0.7810752597
C 6.0 -3.8603762837 1.4291449469 0.8376328753
C 6.0 3.8603762837 -1.4291449469 0.8376328753
C 6.0 -4.9366736721 -0.6530391474 -0.8115082957
C 6.0 4.9366736721 0.6530391474 -0.8115082957
C 6.0 -3.2276382667 0.1245364571 0.7985422638
C 6.0 3.2276382667 -0.1245364571 0.7985422638
C 6.0 -6.7048631222 0.8805966134 -1.5805194842
C 6.0 6.7048631222 -0.8805966134 -1.5805194842
C 6.0 -3.2998609203 2.4214212570 1.6698352866
C 6.0 3.2998609203 -2.4214212570 1.6698352866
C 6.0 -5.5017716946 -1.6548483714 -1.6313085290
C 6.0 5.5017716946 1.6548483714 -1.6313085290
C 6.0 -2.0748711290 -0.0989087129 1.5847195629
C 6.0 2.0748711290 0.0989087129 1.5847195629
H 1.0 -7.1682027183 1.8623796989 -1.5602718633
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H 1.0 7.1682027183 -1.8623796989 -1.5602718633
H 1.0 -3.7724288545 3.3985212045 1.7025429323
H 1.0 3.7724288545 -3.3985212045 1.7025429323
H 1.0 -5.0342209852 -2.6346700386 -1.6485433777
H 1.0 5.0342209852 2.6346700386 -1.6485433777
H 1.0 -1.6088469264 -1.0763983682 1.5451099309
H 1.0 1.6088469264 1.0763983682 1.5451099309
C 6.0 -7.2493988858 -0.1126690066 -2.3876427575
C 6.0 7.2493988858 0.1126690066 -2.3876427575
C 6.0 -2.1669125893 2.1903869510 2.4432341397
C 6.0 2.1669125893 -2.1903869510 2.4432341397
C 6.0 -6.6303294657 -1.4242279454 -2.4106306834
C 6.0 6.6303294657 1.4242279454 -2.4106306834
C 6.0 -1.5280677528 0.8865209381 2.4013913396
C 6.0 1.5280677528 -0.8865209381 2.4013913396
C 6.0 -8.4084149891 0.1132809950 -3.2031695924
C 6.0 8.4084149891 -0.1132809950 -3.2031695924
C 6.0 -1.6120311759 3.2120194516 3.2823688117
C 6.0 1.6120311759 -3.2120194516 3.2823688117
C 6.0 -7.2071942329 -2.4409706094 -3.2433249054
C 6.0 7.2071942329 2.4409706094 -3.2433249054
C 6.0 -0.3437935893 0.6649544380 3.2076966897
C 6.0 0.3437935893 -0.6649544380 3.2076966897
H 1.0 -8.8683908544 1.0986165748 -3.1862532429
H 1.0 8.8683908544 -1.0986165748 -3.1862532429
H 1.0 -2.1010646062 4.1830056111 3.3088108062
H 1.0 2.1010646062 -4.1830056111 3.3088108062
H 1.0 -6.7426838926 -3.4242233517 -3.2556394540
H 1.0 6.7426838926 3.4242233517 -3.2556394540
C 6.0 -8.9228223218 -0.8846949932 -3.9831660604
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C 6.0 8.9228223218 0.8846949932 -3.9831660604
C 6.0 -0.4946723195 2.9676969390 4.0285519904
C 6.0 0.4946723195 -2.9676969390 4.0285519904
C 6.0 -8.3140535576 -2.1814329492 -4.0025104129
C 6.0 8.3140535576 2.1814329492 -4.0025104129
C 6.0 0.1409618000 1.6875984915 3.9854886973
C 6.0 -0.1409618000 -1.6875984915 3.9854886973
H 1.0 -9.8016592260 -0.7011761381 -4.5958530875
H 1.0 9.8016592260 0.7011761381 -4.5958530875
H 1.0 -0.0768503612 3.7433357089 4.6650280256
H 1.0 0.0768503612 -3.7433357089 4.6650280256
H 1.0 -8.7419485671 -2.9596339230 -4.6292654463
H 1.0 8.7419485671 2.9596339230 -4.6292654463
H 1.0 1.0306306985 1.5196266204 4.5868899340
H 1.0 -1.0306306985 -1.5196266204 4.5868899340
C. 22BP
Structure taken from Ref. [1].
D. 22eBP
Optimized in the C2h point group.
C 6.0 -7.92668247 -1.26516759 0.00000000
C 6.0 7.92667723 1.26516676 0.00000000
C 6.0 -8.31315231 1.56966603 0.00000000
C 6.0 8.31314659 -1.56966686 0.00000000
C 6.0 -7.73448944 -2.67577052 0.00000000
C 6.0 7.73448372 2.67576981 0.00000000
C 6.0 -8.50554085 2.98072267 0.00000000
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C 6.0 8.50553513 -2.98072338 0.00000000
C 6.0 -7.57011127 -3.87732530 0.00000000
C 6.0 7.57005262 3.87731624 0.00000000
C 6.0 -8.67098522 4.18200779 0.00000000
C 6.0 8.67100811 -4.18200445 0.00000000
H 1.0 -7.42592239 -4.93404913 0.00000000
H 1.0 7.42644835 4.93412924 0.00000000
H 1.0 -8.81589413 5.23868799 0.00000000
H 1.0 8.81561184 -5.23873091 0.00000000
C 6.0 -9.24816132 -0.73380011 0.00000000
C 6.0 9.24815559 0.73379898 0.00000000
C 6.0 -6.79677439 -0.40012172 0.00000000
C 6.0 6.79676867 0.40012118 0.00000000
C 6.0 -9.44531250 0.70449984 0.00000000
C 6.0 9.44530773 -0.70450091 0.00000000
C 6.0 -6.99528408 1.03862977 0.00000000
C 6.0 6.99527884 -1.03863037 0.00000000
C 6.0 -10.38371086 -1.57286096 0.00000000
C 6.0 10.38370514 1.57286048 0.00000000
C 6.0 -5.47686577 -0.90274304 0.00000000
C 6.0 5.47686005 0.90274173 0.00000000
C 6.0 -10.76369190 1.20770228 0.00000000
C 6.0 10.76368713 -1.20770264 0.00000000
C 6.0 -5.85674047 1.87935269 0.00000000
C 6.0 5.85673523 -1.87935376 0.00000000
H 1.0 -10.23241329 -2.64811635 0.00000000
H 1.0 10.23240566 2.64811540 0.00000000
H 1.0 -5.33027649 -1.97862923 0.00000000
H 1.0 5.33026886 1.97862792 0.00000000
H 1.0 -10.90994263 2.28368711 0.00000000
19
H 1.0 10.90993786 -2.28368759 0.00000000
H 1.0 -6.00853205 2.95449662 0.00000000
H 1.0 6.00852776 -2.95449758 0.00000000
C 6.0 -11.67914391 -1.06567049 0.00000000
C 6.0 11.67913818 1.06567049 0.00000000
C 6.0 -4.36550093 -0.06438924 0.00000000
C 6.0 4.36549520 0.06438758 0.00000000
C 6.0 -11.87567043 0.37100893 0.00000000
C 6.0 11.87566471 -0.37100887 0.00000000
C 6.0 -4.56643677 1.37154436 0.00000000
C 6.0 4.56643152 -1.37154591 0.00000000
C 6.0 -12.83485413 -1.91612911 0.00000000
C 6.0 12.83484745 1.91612971 0.00000000
C 6.0 -3.02918434 -0.56868756 0.00000000
C 6.0 3.02917838 0.56868529 0.00000000
C 6.0 -13.21658802 0.88056803 0.00000000
C 6.0 13.21658325 -0.88056731 0.00000000
C 6.0 -3.40303636 2.21517420 0.00000000
C 6.0 3.40303159 -2.21517611 0.00000000
H 1.0 -12.68388176 -2.99316859 0.00000000
H 1.0 12.68387508 2.99316907 0.00000000
H 1.0 -2.88808918 -1.64788556 0.00000000
H 1.0 2.88808250 1.64788330 0.00000000
H 1.0 -13.36110401 1.95852780 0.00000000
H 1.0 13.36109924 -1.95852697 0.00000000
H 1.0 -3.54865170 3.29301834 0.00000000
H 1.0 3.54864740 -3.29302025 0.00000000
C 6.0 -14.09543991 -1.38647938 0.00000000
C 6.0 14.09543324 1.38648045 0.00000000
C 6.0 -1.92513561 0.26085106 0.00000000
20
C 6.0 1.92513001 -0.26085377 0.00000000
C 6.0 -14.28925800 0.03266053 0.00000000
C 6.0 14.28925323 -0.03265931 0.00000000
C 6.0 -2.14609814 1.69066441 0.00000000
C 6.0 2.14609313 -1.69066703 0.00000000
H 1.0 -14.96322536 -2.04089022 0.00000000
H 1.0 14.96321869 2.04089165 0.00000000
H 1.0 -15.30041599 0.43142483 0.00000000
H 1.0 15.30041027 -0.43142313 0.00000000
H 1.0 -1.29143643 2.35977221 0.00000000
H 1.0 1.29143167 -2.35977530 0.00000000
C 6.0 -0.59145021 -0.32948795 0.00000000
C 6.0 0.59144425 0.32948473 0.00000000
H 1.0 -0.58765703 -1.41819751 0.00000000
H 1.0 0.58765107 1.41819429 0.00000000
E. 66yBP
This structure was optimized in the D2h point group. Test calculations were performed
on a twisted structure (D2 symmetry) and found it of very slightly higher energy.
C 6.0 8.8126464405 0.0000000000 0.0000000000
C 6.0 -8.8126464405 0.0000000000 0.0000000000
C 6.0 0.6754618538 0.0000000000 0.0000000000
C 6.0 -0.6754618538 0.0000000000 0.0000000000
C 6.0 7.5997592132 0.0000000000 0.0000000000
C 6.0 -7.5997592132 0.0000000000 0.0000000000
C 6.0 1.9039435613 0.0000000000 0.0000000000
C 6.0 -1.9039435613 0.0000000000 0.0000000000
C 6.0 6.1769124108 0.0000000000 0.0000000000
C 6.0 -6.1769124108 0.0000000000 0.0000000000
21
C 6.0 3.3101132040 0.0000000000 0.0000000000
C 6.0 -3.3101132040 0.0000000000 0.0000000000
C 6.0 5.4725886874 -1.2381061438 0.0000000000
C 6.0 -5.4725886874 -1.2381061438 0.0000000000
C 6.0 5.4725886874 1.2381061438 0.0000000000
C 6.0 -5.4725886874 1.2381061438 0.0000000000
C 6.0 4.0214784718 -1.2414960540 0.0000000000
C 6.0 -4.0214784718 -1.2414960540 0.0000000000
C 6.0 4.0214784718 1.2414960540 0.0000000000
C 6.0 -4.0214784718 1.2414960540 0.0000000000
C 6.0 6.1528546455 -2.4750915850 0.0000000000
C 6.0 -6.1528546455 -2.4750915850 0.0000000000
C 6.0 6.1528546455 2.4750915850 0.0000000000
C 6.0 -6.1528546455 2.4750915850 0.0000000000
C 6.0 3.3482476722 -2.4788662615 0.0000000000
C 6.0 -3.3482476722 -2.4788662615 0.0000000000
C 6.0 3.3482476722 2.4788662615 0.0000000000
C 6.0 -3.3482476722 2.4788662615 0.0000000000
C 6.0 5.4778763675 -3.6918197777 0.0000000000
C 6.0 -5.4778763675 -3.6918197777 0.0000000000
C 6.0 5.4778763675 3.6918197777 0.0000000000
C 6.0 -5.4778763675 3.6918197777 0.0000000000
C 6.0 4.0282544584 -3.6942743126 0.0000000000
C 6.0 -4.0282544584 -3.6942743126 0.0000000000
C 6.0 4.0282544584 3.6942743126 0.0000000000
C 6.0 -4.0282544584 3.6942743126 0.0000000000
C 6.0 5.4735166467 -6.1287491908 0.0000000000
C 6.0 -5.4735166467 -6.1287491908 0.0000000000
C 6.0 5.4735166467 6.1287491908 0.0000000000
C 6.0 -5.4735166467 6.1287491908 0.0000000000
22
C 6.0 4.0414062574 -6.1309006058 0.0000000000
C 6.0 -4.0414062574 -6.1309006058 0.0000000000
C 6.0 4.0414062574 6.1309006058 0.0000000000
C 6.0 -4.0414062574 6.1309006058 0.0000000000
C 6.0 6.1666750376 -4.9500376145 0.0000000000
C 6.0 -6.1666750376 -4.9500376145 0.0000000000
C 6.0 6.1666750376 4.9500376145 0.0000000000
C 6.0 -6.1666750376 4.9500376145 0.0000000000
C 6.0 3.3442700178 -4.9541008366 0.0000000000
C 6.0 -3.3442700178 -4.9541008366 0.0000000000
C 6.0 3.3442700178 4.9541008366 0.0000000000
C 6.0 -3.3442700178 4.9541008366 0.0000000000
H 1.0 9.8791853511 0.0000000000 0.0000000000
H 1.0 -9.8791853511 0.0000000000 0.0000000000
H 1.0 7.2386447019 -2.4700717770 0.0000000000
H 1.0 -7.2386447019 -2.4700717770 0.0000000000
H 1.0 7.2386447019 2.4700717770 0.0000000000
H 1.0 -7.2386447019 2.4700717770 0.0000000000
H 1.0 2.2621663549 -2.4804311889 0.0000000000
H 1.0 -2.2621663549 -2.4804311889 0.0000000000
H 1.0 2.2621663549 2.4804311889 0.0000000000
H 1.0 -2.2621663549 2.4804311889 0.0000000000
H 1.0 7.2542661597 -4.9448454951 0.0000000000
H 1.0 -7.2542661597 -4.9448454951 0.0000000000
H 1.0 7.2542661597 4.9448454951 0.0000000000
H 1.0 -7.2542661597 4.9448454951 0.0000000000
H 1.0 2.2566699811 -4.9524860584 0.0000000000
H 1.0 -2.2566699811 -4.9524860584 0.0000000000
H 1.0 2.2566699811 4.9524860584 0.0000000000
H 1.0 -2.2566699811 4.9524860584 0.0000000000
23
H 1.0 3.5118557631 7.0800143782 0.0000000000
H 1.0 -3.5118557631 7.0800143782 0.0000000000
H 1.0 3.5118557631 -7.0800143782 0.0000000000
H 1.0 -3.5118557631 -7.0800143782 0.0000000000
H 1.0 6.0058072668 7.0763213807 0.0000000000
H 1.0 -6.0058072668 7.0763213807 0.0000000000
H 1.0 6.0058072668 -7.0763213807 0.0000000000
H 1.0 -6.0058072668 -7.0763213807 0.0000000000
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V. NMR DATA
1H-NMR (500 MHz, CDCl3, δ ppm): 9.72 (s, 1H), 9.41-9.33 (m, 3H), 8.04-7.96 (m, 3H),
7.77-7.75 (m, 1H), 7.48-7.45 (2H), 7.29-7.25 (m, 1H) and 1.48-1.38 (m, 42H).
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13C-NMR (125 MHz, CDCl3, δ ppm): 132.8, 132.5, 132.4, 130.94, 130.9, 130.8, 132.75,
130.72, 129.8, 128.9, 128.7, 128.66, 127.3, 126.9, 126.6, 126.3, 126.3, 126.2, 125.8, 123.4,
119.3, 118.3, 108.0, 107.5, 104.5, 104.3, 19.1, 19.0 and 11.7.
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1H-NMR (400 MHz, CDCl3, δ ppm): 9.93 (s, 1H), 9.52 (s, 1H), 9.37 (s, 2H), 8.12-8.08
(m, 2H), 8.04-8.00 (m, 2H), 7.47-7.44 (m, 3H), 1.54 (s, 12H) and 1.44-1.40 (m, 42H).
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13C-NMR (100 MHz, CDCl3, δ ppm): 137.4, 134.5, 132.6, 132.4, 132.3, 132.2, 131.6, 130.7,
130.6, 130.4, 128.6, 127.3, 126.8, 126.7, 126.2, 125.96, 125.1, 118.9, 118.3, 107.6, 107.0, 105.5,
104.9, 83.9, 24.9, 19.2, 19.0, 12.0 and 11.7.
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1H-NMR (500 MHz, CDCl3, δ ppm): 9.51 (s, 1H), 9.31 (s, 1H), 9.15 (s, 1H), 9.07 (s, 1H),
8.15 (d, J = 8.5 Hz, 1H), 7.97 (d, J = 8.5 Hz, 1H), 7.85 (d, J = 8.5 Hz, 1H), 7.61-7.58
(m, 1H), 7.52-7.51 (m, 1H), 7.41-7.34 (m, 2H), 1.496-1.44 (m, 21H), 0.87-0.86 (m, 9H) and
0.76-0.68 (m, 12H).
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13C-NMR (125 MHz, CDCl3, δ ppm): 139.3, 132.7, 132.3, 132.2, 132.1, 130.8, 130.6,
129.1, 128.7, 128.6, 128.2, 126.9, 126.5, 126.1, 125.9, 125.9, 125.8, 125.7, 118.9, 117.9, 107.4,
106.8, 104.9, 103.8, 19.1, 18.6, 18.5, 11.8 and 11.2.
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30
1H-NMR (500 MHz, CDCl3, δ ppm): 9.32-9.23 (m, 8H), 8.02-7.97 (m, 8H), 7.86-7.84
(m, 2H), 7.50 (s, 2H), 7.49-7.42 (m, 4H), 1.85-1.77 (m, 8H), 1.58-1.54 (8H, overlap H2O),
1.42-1.34 (m, 70H), 1.29-1.27 (m, 16H), 1.03-0.98 (m, 9H) and 0.89-0.81 (m, 13H)
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13C-NMR (125 MHz, CDCl3, δ ppm): 134.6, 132.4, 132.3, 132.2, 131.9, 131.0, 130.8,
130.7, 130.5, 129.1, 128.6, 128.2, 126.4, 126.3, 126.2, 126.0, 125.99, 125.91, 123.1, 118.4,
118.2, 107.4, 107.3, 104.6, 104.5, 34.1, 34.07, 32.0, 29.6, 29.5, 29.44, 29.41, 25.0, 24.99, 22.7,
18.8, 18.77, 18.72, 18.5, 18.49, 14.1, 14.08, 12.3, 12.2, 10.6 and 10.5.
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